on maternal milk, which progressively changes in composition. We showed previously that PY cross-fostered to host mothers at a later stage of lactation accelerated development. In this study, we investigated whether cross-fostering and exposure to late lactation stage milk affected the transition to cardia glandular phenotype. In fostered PY fore-stomach, there was increased apoptosis, but no change in cell proliferation. The parietal cell population was significantly reduced, and expression of gastric glandular phenotype marker genes (ATP4A, GKN2, GHRL and NDRG2) was down-regulated, suggesting down-regulation of gastric phenotype in fostered PY fore-stomach. The expression of cardia glandular phenotype genes (MUC4, KRT20, CSTB, ITLN2 and LPLUNC1) was not changed in fostered PY.
Introduction
Eutherians and marsupials are placental mammals, but they differ in their lactation strategies. Eutherians undergo a long gestation relative to their lactation period and the milk composition does not alter significantly during this period. In contrast, marsupials, such as the tammar wallaby (Macropus eugenii) undergo a relatively short gestation, give birth to an altricial young and have a long lactation (Tyndale-Biscoe and Renfree, 1988) . The major milk constituents change progressively during this period (Green and Merchant, 1988; Green et al., 1980; Green and Renfree, 1982; Nicholas, 1988; Renfree et al., 1981) to accommodate the changing nutritional needs required for the considerable growth and development of the altricial neonate. Lactation in the tammar wallaby has been well characterised and has three main phases (Nicholas et al., 1997; . Phase I is the 26-27 days gestation followed by birth of the altricial neonate, also termed the pouch young (TyndaleBiscoe and Renfree, 1988) . The subsequent 200 days (Phase II) is characterised by lactogenesis and the secretion of dilute milk enriched in complex carbohydrates and low concentrations of proteins and lipids (Green et al., 1983 (Green et al., , 1980 Green and Renfree, 1982; Messer and Green, 1979) . At the onset of Phase III of lactation, the young begins to exit the pouch and commences consumption of herbage while still consuming milk. This phase is characterised by a large increase in volume of milk secretion, but a sharp decrease in carbohydrate levels that are mostly monosaccharides (Messer and Green, 1979) , while protein and lipid levels increase to become the major components in the milk (Green and Merchant, 1988; Green et al., 1980; Nicholas, 1988) . Protein composition changes considerably with secretion of different proteins at specific phases of lactation (Green and Renfree, 1982; Sharp et al., 2009 ). Using a cross-fostering strategy in which younger pouch young are fostered onto mothers secreting later stage milk, it has been convincingly demonstrated that late Phase II milk contains factors that accelerate development of the fostered neonate (Menzies et al., 2007; Trott et al., 2003; Waite et al., 2005) . Therefore, the tammar wallaby provides an excellent opportunity to identify potential factors that play a critical role in regulating neonatal development.
In particular, this model provides an excellent opportunity to investigate the effects of milk on development of particular organs and tissues, such as the stomach. The adult tammar wallaby has a digastric stomach composed of fore-stomach and hind-stomach with a distinct separation of function within these two regions (Gemmell and Engelhardt, 1977; Langer et al., 1980) . The fore-stomach region functions as a microbial fermentation chamber, which is crucial for the digestion of complex carbohydrates derived from the animal's plant-based diet (Hume, 1999) . The hind-stomach region is involved in gastric acid secretion, which is necessary for further digestion of food. However, during the first 170 days of pouch life, the developing stomach has a uniform mucosal morphology and has functions associated with gastric glands in both regions; this includes acid secretion as indicated by the low pH in the stomach contents in both regions (Janssens and Ternouth, 1987) , and peptic activities as shown by expression of gastric protease (prochymosin and pepsinogen) genes (Kwek et al., 2008) . In addition, during this period the stomach appears to play an absorptive role (Waite et al., 2005) .
Dramatic changes in morphology take place around day 170 post-partum (Waite et al., 2005) . In what will become the adult hind-stomach region, parietal cells increase in number, gastric glands enlarge and adopt the adult-like phenotype of very long, thin glands (Waite et al., 2005) and peptic activity becomes elevated (Davis, 1981) . In contrast, the fore-stomach region undergoes a transition from an immature gastric glandular phenotype in which there is a progressive loss of parietal cells and the cardia glandular phenotype becomes apparent in the region that will become the adult fore-stomach. By day 230 post-partum, parietal cells are undetectable in the fore-stomach mucosa (Kwek et al., 2008; Waite et al., 2005) . This phenotypic change in the fore-stomach is accompanied by functional changes, such as an increase in pH to neutrality (Janssens and Ternouth, 1987) , a decline in peptic activity (Davis, 1981) and the gastric glandular cell type gene markers, prochymosin and pepsinogen are down-regulated (Kwek et al., 2008) . As these changes in fore-stomach morphology during tammar development are correlated with significant changes in milk composition, it raises the possibility that these processes may be regulated by specific components in milk.
A recent study (Waite et al., 2005) attempted to address this hypothesis with respect to stomach development by transferring pouch young at 67 days of age to host mothers that were at day 100 of lactation. After the 30-day cross-fostering period, there was significantly increased growth of the fostered pouch young, but there were no obvious morphological changes in either stomach regions of non-fostered control or fostered pouch young. These data suggest that while factors in later stage milk accelerated gross development as shown previously (Trott et al., 2003) , there was no effect on stomach maturation. However, in the study by Waite and colleagues (Waite et al., 2005) , the period selected for cross-fostering across pouch young development was between day 60 and 100 post-partum, a stage during which stomach mucosal morphology normally remains uniform for at least another 70 days. To examine whether milk from later stages of lactation can regulate changes in morphology in different regions of the stomach, we targeted a later period of pouch young development when there are dramatic changes in stomach morphology. In this study, pouch young at day 120 of age were cross-fostered to host mothers at day 170 of lactation. Examination of the fore-stomach after the 60-day cross-fostering period, showed that while the gross morphology was not altered, there was increased apoptosis, decreased parietal cell numbers but no changes in cell proliferation. Co-localisation studies suggest that parietal cells are lost by apoptosis. Analysis of the expression of gastric and cardia glandular phenotype marker genes by quantitative RT-PCR revealed down-regulation of gastric, but no change in cardia, phenotype genes. These data indicate that the pouch environment, particularly the milk produced at later stages of lactation, triggers the molecular events involved in the loss of the gastric glandular phenotype.
Results

Fostering promotes growth of pouch young
Three of nine fostered pouch young survived the 60-day cross-fostering period. Two of the host mothers died of natural causes, four of the young were lost from the host mothers' pouches during the first 4 weeks after transfer.
Prior to transfer, the pouch young in both control ( Fig. 2A ) and fostered ( Fig. 2B ) groups had similar physical features at day 120 of age. The eyes with visible rings of darkened pigments remained closed. Pigmentation in the nails in all extremities, ears, rhinarium and tails appeared the same in both groups and they had very short, fine fur. Before transfer, the average head length was 47 ± 0.60 mm (Table 2) . After the 60-day cross-fostering period, pouch young in the control group (control PY 180; Fig. 2C ) were markedly smaller in size and less developed than pouch young in the fostered group (fostered PY; Fig. 2D ). The control animals had velvet-like fur, whereas the fostered animals had thicker, coarser fur.
At the end of the fostering period, the control PY 180 had an average head length of 65 ± 1.0 mm and were 180 days old, whereas the fostered PY had a significantly greater head length of 75 ± 2.9 mm (P < 0.001). The fostered PY with a chronological age of 180 days old had physical characteristics typical of a pouch young at approximately 230 days old (Table 2) . The average body weight of the fostered PY was 839 ± 85 g, more than double the weight of the control animals of 340 ± 1.0 g. Dissection of the stomach showed the presence of large amounts of milk and no herbage in the control PY 180 stomach (data not shown), indicating they were consuming milk exclusively. In contrast, a large amount of milk and remnants Fig. 1 -Schematic diagram representing collection of milk and stomach tissues from the mothers and pouch young. Milk was first collected from the mothers at day 120 of lactation (Pre-fostered) prior to cross-fostering. In the Control group, pouch young at day 120 of age were returned to their mothers at day 120 of lactation. In the Fostered group, pouch young at day 120 of age were transferred to host mothers at day 170 of lactation. Milk was collected from both control mothers (Control) and host mothers (Fostered) after the 60-day cross-fostering period. Stomach tissues were collected from the control (Control PY 180) and fostered PY at the end of the cross-fostering period and pouch young at Day 230 of age (Control PY 230). Mothers are denoted by shaded animals and pouch young are denoted by solid animals in the diagram. Dotted line represents collection of milk and/or tissues from the animals. of undigested grass were found in the fostered PY fore-stomach (data not shown), indicating that they had begun consuming herbage as well as milk.
Protein and lipid content of milk increases during the fostering period
Carbohydrate, lipid and protein levels were measured in milk collected from the three groups (Fig. 1) ; Pre-fostered group (donor mothers before the transfer at day 120 of lactation), Control group (control mothers at day 180 of lactation) and Fostered group (host mothers after the cross-fostering period, at day 230 of lactation).
There was no significant difference in carbohydrate concentration, measured as total hexose content of the milk among the three groups (P > 0.30) (Fig. 3A) . Total protein concentration measured in the three groups differed significantly (P < 0.05; Fig. 3B ) with total protein concentration in the Control group (6.4 ± 0.36 g of protein per 100 ml of milk) being greater than in the Pre-fostered group (4.1 ± 0.53 g), but lower than in the Fostered group (8.3 ± 0.70 g). Lipid concentration, measured as total esterified fatty acids in the milk, showed significant differences among the three groups (P < 0.01; Fig. 3C ). Lipid concentration in the Control group (5.5 ± 0.35 g of lipid per 100 ml of milk) was higher than the Pre-fostered group (3.9 ± 0.45 g) but lower than the Fostered group (7.1 ± 0.03 g).
In summary, milk collected from the host mothers (Fostered group) after the 60-day cross-fostering period had increased levels of protein and lipid compared to milk collected from the control mothers (Control group). The carbohydrate levels were similar in all three groups.
2.3.
No gross change in histology of fostered pouch young fore-stomach Neutral mucins are identified by PAS staining (Fig. 4G-I ) while acidic mucins are distinguished by AB staining (Fig. 4D-F) . In fore-stomach from control PY 180, the mucosal luminal surfaces were intensely stained with PAS (Fig. 4G ), but were negative for AB staining (Fig. 4D) . In contrast, control PY * P < 0.001 when compared to Control. # Ages of pouch young were estimated from the headlength using M. eugenii growth curve (Poole et al., 1991) .
230 fore-stomach mucosa revealed both PAS-and AB-positive staining ( Fig. 4E and H), which is typical of cardia glandular epithelia. The fore-stomach from fostered PY ( Fig. 4F and I) was similar to control PY 180 and was positive for PAS but not for AB stains. The thickness of fore-stomach mucosa was also compared in the control PY 180, control PY 230 and fostered PY (Fig. 4J) . The mucosal layers of control PY 180 (154 ± 1.4 lm) and fostered PY (160 ± 2.6 lm) fore-stomach were similar in thickness (P > 0.50) and both were thinner compared to control PY 230 fore-stomach (195 ± 2.3 lm) (P < 0.001).
Parietal cells detected by immunoreactivity against the asubunit of H + K + ATPase were scattered throughout the forestomach mucosa of the control PY 180 (Fig. 4A ). However, lack of staining in the fore-stomach from control PY 230 (Fig. 4B) indicates the absence of parietal cells. In contrast, the fostered PY fore-stomach still contained parietal cells (Fig. 4C ).
Decreased numbers of parietal cells in fostered forestomach
The population of parietal cells in the fore-stomach of control PY 180 (2600 ± 220 parietal cells per mm 2 fore-stomach mucosal surface area) was significantly greater than that of fostered PY (1500 ± 190 parietal cells) (P < 0.001; Fig. 5A ). No parietal cells were detected in the fore-stomach of control PY 230 (Figs. 4B and 5A). Parietal cells were evenly distributed throughout the mucosa layer in the hind-stomach from all three groups of PY (data not shown) and the number of parietal cells was not significantly different between groups (P > 0.50; Fig. 5B ).
2.5.
Increased apoptosis but not proliferation in fostered fore-stomach A previous study (Kwek et al., 2008) demonstrated an increase in the number of apoptotic cells in the fore-stomach mucosa when the pouch young changes from consuming milk exclusively to consuming milk and herbage. Thus, in this study only the fore-stomach from three groups of pouch young (control PY 180, control PY 230 and fostered PY) were analysed for apoptosis ( Fig. 6A-C) .
The number of apoptotic cells in control PY 180 fore-stomach (360 ± 81 apoptotic cells per mm 2 fore-stomach mucosal surface area) was significantly lower than in control PY 230 (2200 ± 42 apoptotic cells) (P < 0.001; Fig. 6G ). The fostered PY (1800 ± 99 apoptotic cells) had six times the number of apoptotic cells compared to control PY 180 (P < 0.001). However, the number of apoptotic cells in fore-stomach mucosa of fostered PY and control PY 230 was not significantly different (P > 0.15). We next examined if this increase in cell death was also accompanied by a change in cell proliferation ( Fig. 6D-F ). The number of proliferating cells, stained with phospho-histone 3, in control PY 180, control PY 230 and fostered forestomach did not differ significantly ( 
Parietal cells undergo apoptosis
Since there was a decreased number of parietal cells ( Fig. 4C ) and an increased level of cell death ( in different cellular compartments (nucleus and plasma membrane, respectively) it was difficult to determine whether these truly localised to the same cell. Intriguingly, in the instances where there was close association of the two labels the intensity of the H + K + ATPase reactivity was often decreased, suggesting loss of this protein during apoptosis. As TUNEL marks relatively late stages of apoptosis, we also colabelled with an earlier marker of apoptosis, active caspase-3 (Huerta et al., 2007) . While in most cells these labels did not co-localise, there were numerous cells in which there was unambiguous co-localisation of H + K + ATPase and active caspase-3 (Fig. 7D-F) . 2.7.
Expression of gastric and cardia glandular marker genes
Genes encoding the a-subunit of H + K + ATPase (ATP4A, parietal cell), gastrokine 2 (GKN2, surface mucous cell), ghrelin (GHRL, endocrine cell), and n-myc downstream-regulated gene 2 (NDRG2, epithelial cell) are markers for the gastric glandular phenotype, whereas mucin 4 (MUC4, mucous cell), keratin 20 (KRT20, epithelial cell), cystatin B (CSTB, epithelial cell), intelectin 2 (ITLN2, epithelial cell) and long palate, lung and nasal epithelium carcinoma associated 1 (LPLUNC1, epithelial cell) are genes highly expressed in the fore-stomach with cardia glandular phenotype (Kwek et al., 2008) . The expression levels of these genes in the fore-stomach were quantified in control PY 180, control PY 230 and fostered PY (Figs. 8 and 9 ). Expression of both internal control genes (18S rRNA and GAPDH) were not significantly different in all fore-stomach samples (data not shown), indicating equal loading of first-strand cDNA synthesis template. In addition, the levels of these internal control genes did not change during stomach development, allowing for absolute quantification of marker gene expression (Figs. 8 and 9 ). Between 15 and 40 random fields were counted in each section and at least 10 points per field were selected for measurements. Bar graphs represent the average thickness of the mucosal layer of the fore-stomach. The mucosal layer in the fore-stomach from the control PY 180 and fostered PY were significantly shorter than that in the control PY 230. * P < 0.001 when compared to control PY 180.
In the fore-stomach of control PY 230, ATP4A (Fig. 8A ), GKN2 (Fig. 8B) , GHRL (Fig. 8C) gene expression was not detected and NDRG2 (Fig. 8D) gene expression was greatly reduced. The expression levels of these gastric glandular genes were significantly down-regulated in fostered PY (Fig. 8A-D) compared to control PY 180. In contrast, in control PY 180, these genes ATP4A, GKN2, GHRL and NDRG2 (Fig. 8A -D) were highly expressed compared to control PY 230 or fostered PY (P < 0.001).
In sharp contrast, in the fore-stomach of control PY 180, expression of cardia phenotype genes, MUC4 (Fig. 9A) , KRT20 (Fig. 9B) , CSTB (Fig. 9C), ITLN2 (Fig. 9D) and LPLUNC1 (Fig. 9E) were significantly lower than in control PY 230 (P < 0.001). The level of expression of these genes in the fore-stomach of fostered PY and control PY 180 were similar (P > 0.30), and were also significantly lower than in control PY 230 (P < 0.001) (Fig. 9A-E) .
Discussion
Cross-fostering 120-day old pouch young to host mothers producing milk at day 170 of lactation accelerated growth and stomach maturation of the transferred young. At the end of the 60-day transfer period, the fostered PY had a chronological age of 180 days old, but were sucking milk from host mothers at day 230 of lactation, which is rich in protein and lipid. This is consistent with previous studies showing that growth of pouch young is accelerated after the transfer period (Menzies et al., 2007; Trott et al., 2003; Waite et al., 2005) . However, in contrast to Waite et al. (2005) , this report clearly illustrates that by targeting cross-fostering to a later stage of pouch young development, there were also significant changes in stomach development.
An important distinction in the development of the pouch young stomach needs to be emphasised. The gross phenotype of the mucosa is uniform across the entire fore-stomach and hind-stomach region for the first 200 days of pouch young life (Waite et al., 2005) . It is composed of shallow pit/glands, typical of the immature gastric glands containing specialised cells including parietal cells and chief cells scattered throughout the mucosa and mucous cells line the surface (Kwek et al., 2008; Waite et al., 2005) . Around day 170 of pouch life the specialised cells of these immature gastric glands are lost from the fore-stomach mucosa without altering the gross morphology of this tissue (Waite et al., 2005) . However, the transition to the second phenotype of the developing forestomach is suggested by the presence of cells expressing both neutral and acidic mucins typical of the cardia phenotype. In sharp contrast, at around day 170 post-partum, the hindstomach mucosa of the pouch young begins to dramatically transform into the very long thin glands, typical of an adult gastric glandular mucosa (Waite et al., 2005) . The molecular mechanisms that control this change in the developing marsupial stomach are not known. In this study, we present evidence that changes in the pouch environment, particularly milk composition, may trigger the molecular events associated with the loss of the gastric phenotype.
In fostered pouch young fore-stomach, there was increased apoptosis and reduced numbers of parietal cells, but no change in cell proliferation. Consistent with the diminishing parietal cell population in the fore-stomach, the fostered PY also had a significant reduction in the expression of parietal cell marker ATP4A gene. We demonstrated that some of these parietal cells co-localised with active caspase-3-positive cells, indicating that the reduced number of parietal cells in the fostered PY likely results from apoptotic cell loss. Similarly, there was an elevated number of TUNEL-positive nuclei closely associated with H + K + ATPase reactivity. The lack of true co-localisation of TUNEL with H + K + ATPase reactivity may be attributed in part to the distinct compartmentalisation of these to the nucleus and apical plasma membrane, respectively. Also, as TUNEL is considered a marker for late-stage apoptosis (Huerta et al., 2007) mucosa (Franic et al., 2001; Jain et al., 2008; Li et al., 1995 Li et al., , 1996 . Mice deficient in the beta-subunit of H + K + ATPase (Atp4b) gene lack functional parietal cell and had a depleted number of zymogenic cells and increased number of immature gastric glandular cells undergoing apoptosis (Franic et al., 2001) . Similarly, mice deficient for Huntington interacting protein 1 related (Hip1r) also had abnormal parietal cell morphology, reduced number of parietal cells and chief cells and increased number of apoptotic cells (Jain et al., 2008) . The identity of other gastric glandular cell types lost from the fore-stomach of control PY 230 and fostered PY remains to be determined. As much of the cell death occurs in the isthmus region of the mucosal gland, it is possible that undifferentiated progenitors, as well as differentiated cells are affected and thus may contribute to the altered differentiation profile of the fore-stomach epithelium.
While there was an increase in cell death in control PY 230 and fostered PY fore-stomach, there was no effect on proliferation index. Other studies (Franic et al., 2001; Li et al., 1996) showed a concomitant increase in number of proliferating cells with the loss of parietal cells in the Atp4b-deficient mice and the transgenic mice whose parietal cells were genetically-ablated, and speculated that the increase in celldivision compensated for loss of gastric glandular cells by apoptosis (Franic et al., 2001; Li et al., 1996) . As gastric glandular cell types are no longer required in the tammar wallaby cardia glandular fore-stomach (Kwek et al., 2008; Waite et al., 2005) , such compensatory mechanisms may no longer be required.
Intriguingly, we also demonstrated that mucosal thickness and type ofmucins expressed in fore-stomach from fostered PY resembled fore-stomach from control PY 180. In addition, expression of cardia glandular phenotype marker genes remained down-regulated in fostered PY, similar to control PY 180 fore-stomach, indicating that the fore-stomach cardia glandular phenotype was yet to be initiated in fostered PY. Based on these observations, we propose that fore-stomach maturation proceeds via two temporally distinct processes: down-regulation of gastric glandular phenotype and initiation of cardia glandular phenotype. In fostered PY, down-regulation of the gastric glandular phenotype appears to be uncoupled from the initiation of fore-stomach cardia glandular phenotype.
Down-regulation of gastric-type specialised cells in the fore-stomach
In a wide variety of vertebrate species studied to date, such as some fish (Darias et al., 2007; Garcia Hernandez et al., 2001 ), adult frogs (Hourdry et al., 1996; Smith et al., 2000a) , adult chicks (Smith et al., 2000b; Toner, 1965) , rats (Kammeraad, 1942) , humans (Grand et al., 1976) and pigs (Georgieva and Gerov, 1975; Xu and Cranwell, 1990; Xu et al., 1992) , once the gastric phenotype is established in the stomach, it remains functional. In ruminants such as cow (Vivo et al., 1990) and sheep (Franco et al., 1993) , the gastric phenotype program is activated specifically in the abomasum. In developing forestomach regions (rumen, reticulum and omasum) of these ATPase), GKN2 (B; gastrokine 2), GHRL (C; ghrelin) and NDRG2 (D; n-myc downstream-regulated gene 2) were analysed in fore-stomach from control PY 180 (solid bar; n = 4), control PY 230 (grey bar; n = 2) and fostered PY (open bar; n = 3) using qPCR. In the fostered PY, all gastric glandular marker gene expression levels were significantly down-regulated compared to control PY 180 ( * P < 0.01), and significantly higher than control PY 230 ( # P < 0.01).
animals there is no transient gastric glandular phenotype, as seen in the tammar wallaby. This is probably because milk does not enter the fore-stomach regions and is channelled directly to the abomasum while calves are sucking milk (Ruckebusch, 1988; Titchen and Newhook, 1975) . In contrast, in the tammar wallaby (Davis, 1981; Janssens and Ternouth, 1987) and red kangaroo (Macropus rufus) (Griffiths and Barton, 1966; Harrop and Barker, 1972) , milk moves through the fore-stomach into the hind-stomach. Specialised gastric glandular cells are activated in both stomach regions of these Macropus species at birth, and at a later stage of pouch young development these gastric glandular type cells are lost from the fore-stomach, a phenomenon not observed in other herbivorous mammals.
Loss of the gastric glandular type specialised cells and down-regulation of ATP4A, GKN2, GHRL and NDRG2 genes in the fore-stomach of fostered PY occurred precociously, compared to control PY 180. These events occurred while fostered PY were still sucking milk from their host mothers. Milk contains a rich source of factors and hormones for growth and development of the neonate (Ballard et al., 1995; Donovan and Odle, 1994; Grosvenor et al., 1993; Polk, 1992) and given that growth and development were accelerated in the fostered animals in this study, it is possible that the milk consumed by the fostered PY, which was from a later stage of lactation, contains factor(s) involved in the down-regulation of the gastric glandular type specialised cells in the fore-stomach.
The progressive changes in milk composition throughout lactation are required to accommodate changing nutritional needs and development of the tammar PY (Nicholas et al., 1997; Sharp et al., 2009; Tyndale-Biscoe and Renfree, 1988) . Based on studies in other animal models, there is convincing evidence to suggest that milk-borne factors regulate functional development of the neonatal gut (Berseth et al., 1983; Xu, 1996; Yamashiro et al., 1989) . The increase in both epidermal growth factor (EGF) and insulin growth factor-I (IGF-I) during tammar wallaby lactation (Ballard et al., 1995) may play a role in stomach development of pouch young.
Consistent with this, EGF and IGF-I augmented DNA synthesis in stomach and small intestine of suckling rats (Berseth, 1987; Puccio and Lehy, 1988) and increased mitotic activity of small intestinal crypts in newborn piglets (Xu et al., 1994) .
The importance of milk in the functional development of parietal cells (Morikawa et al., 1979) and chief cells (Andren and Bjorck, 1986) has also been reported. Development of functional parietal cells in perinatal rats is accelerated by the administration of milk to foetuses in utero and premature newborn rats, whereas there is a delay in parietal cell development if parturition is delayed (Morikawa et al., 1979) . It has been suggested that the presence of component(s) in milk is required for production of prochymosin, in the bovine abomasum mucosa of the suckling calves. By contrast, cerealor hay-fed calves lack prochymosin secretion in the abomasum (Andren and Bjorck, 1986) .
In the tammar wallaby (Kwek et al., 2008; Waite et al., 2005 ) and red kangaroo (Griffiths and Barton, 1966; Harrop and Barker, 1972) , gastric glandular type cells are down-regulated at a later stage of pouch young development, and these two Macropus species share similar milk profiles across their long lactation (Green, 1984; Green and Merchant, 1988) . Thus, it is plausible that factors present in marsupial, but not in eutherian, milk, negatively regulate gastric glandular cell differentiation. Despite the extensive evidence for the role of milk factors in development of the gastrointestinal tract in other species, the identity of factors that down-regulate the gastric-type cells in the tammar wallaby fore-stomach remain to be identified.
At the end of the 60-day transfer period, the pouch young were still consuming milk with high levels of carbohydrates and parietal cells were still present in the fostered PY forestomach, suggesting the presence of acidic contents in the fore-stomach. In addition, expression of genes involved in bacterial recognition (e.g. ITLN2) and gut immunity (e.g. CSTB and LPLUNC1) were extremely low, suggesting minimal levels of microflora. It is possible that high carbohydrate levels prevent establishment of specific microbial populations in intelectin 2) and LPLUNC1 (E; long palate, lung and nasal epithelium carcinoma associated 1) were analysed in fore-stomach from control PY 180 (solid bar; n = 4), control PY 230 (grey bar; n = 2) and fostered PY (open bar; n = 3) using qPCR. In the fostered PY, all cardia glandular marker gene expression levels were similar to control PY 180 ( * P < 0.01), and significantly less than control PY 230 (
the fore-stomach of the fostered PY (Kunz and Rudloff, 2008; Kunz et al., 2000) as milk oligosaccharides can reduce microbial colonisation by acting as receptor analogues to inhibit adhesions of pathogens or micro-organisms on the gut mucosal epithelial surface (Andersson et al., 1986; Holmgren et al., 1983; Kunz and Rudloff, 2008; Kunz et al., 2000) . A lack of specific microbial colonisation in the fore-stomach further suggests that milk factors consumed by fostered PY may be prime regulators of gastric glandular specialised cells in the fore-stomach. A similar cross-fostering approach in which fostered PY are not permitted access to herbage could test this concept.
Initiation of cardia phenotype in the fore-stomach
Clearly, the lack of acidic mucin expression and the low levels of MUC4, KRT20, CSTB, ITLN2 and LPLUNC1 expression in fostered PY fore-stomach compared to control PY 230 suggests failure to initiate fore-stomach cardia glandular phenotype program. It is possible that this is also related to levels of carbohydrates and establishment of microflora.
Microflora are presumably provided by the consumption of herbage and may be the trigger for cardia phenotype in the fore-stomach during normal development of the tammar wallaby pouch young. Several studies point to a delay in cyto-differentiation and function of the developing gut in germ-free zebrafish (Bates et al., 2006; Rawls et al., 2004) , mice (Bry et al., 1996) and rats Uribe et al., 1994) . Re-introduction of microflora to these germ-free animals restored normal gut phenotype and function comparable to the conventionallyreared animals (Bates et al., 2006; Bry et al., 1996) . Earlier reports also suggest that calves fed exclusively with milk had under-developed rumen and retarded fore-stomach maturation compared to calves fed with hay or grain (Lyford, 1988; Savage and McCay, 1942; Warner et al., 1956) . Thus, it is plausible that microflora acquired from herbage eaten by pouch young are responsible for the initiation of cardia phenotype in the fore-stomach.
The data from this study indicate that milk can accelerate development and plays an important role in maturation of the stomach, perhaps in conjunction with as yet undefined effects of gut microflora.
Methods
Ethical approval
Tammar wallabies (M. eugenii) of Kangaroo Island origin were maintained in open grassy yards in our breeding colony in Melbourne, Victoria, and provided feed and water ad libitum. 
4.2.
Cross-fostering
The ages of pouch young were estimated from head length using tammar wallaby growth curves (Poole et al., 1991) . Pouch young of a suitable size and age were gently removed from their mother's teat and reattached to the host mother's teat by gently pressing the teat into the mouth of the pouch young. The host mother was released back to the enclosure several hours later following confirmation that the fostered young had adjusted to the new pouch.
Control PY
Pouch young aged around 120 days old were removed from four mothers. The head length, weight and physical appearance were recorded and the young photographed before being returned to their mother's pouch. The same measurements were made 60 days later and the young were killed by an overdose of sodium pentobarbitone (60 mg/ml).
Fostered PY
The pouch young were removed from nine donor mothers carrying young at day 120 in age and nine mothers at day 170 of lactation. The head length, weight and physical appearance of the day 120 young were recorded and photographed before cross-fostering to the host mothers (day 170 of lactation). The cross-fostering strategy and collection of tissues and milk are outlined in Fig. 1 . The fostered young were allowed to remain in their host mothers' pouch for 60 days, and the same measurements repeated before the young were killed with an overdose of sodium pentobarbitone.
Milk collection and analysis
The mothers were anaesthetised with an intramuscular injection of 0.2 ml (4 mg/kg body weight) of Zoletil 100 Ò (Virbac, NSW, Australia) and injection of 1 IU of Oxytocin-S Ò (Intervet, Boxmeer, The Netherlands) was then administered intramuscularly to induce milk letdown. Approximately 500 ll of milk was collected from each animal by applying gentle pressure to the mammary glands, and stored at À80°C until analysis. Milk was obtained from donor mothers at 120 days of lactation before the cross-fostering (Pre-fostered group), control mothers at day 180 of lactation (Control group) and host mothers at day 230 of lactation (Fostered group) after the 60-day cross-fostering period (Fig. 1) . Milk samples were analysed for carbohydrate (total hexose), protein and lipid (total esterified fatty acids) content. Total hexose in milk was determined by the phenol-sulphuric acid method (Messer et al., 1988) and total protein content was quantified using a Micro BCA TM Protein Assay Reagent kit (Pierce Biotechnology, Rockford, IL, USA), following the procedure designed for microplate-based assay. Total esterified fatty acids were measured using published methods (Atwood and Hartmann, 1992) .
Stomach tissue collection
After the 60 day foster period, stomach tissues were removed from the pouch young and flushed with sterile PBS to remove the contents. The fore-stomach (tubiform region) and hind-stomach (fundus and pylorus) were separated and cut along the greater curvature, as previously described by Waite and colleagues (2005) . The stomach tissues were rinsed thoroughly with large volumes of sterile PBS and immediately snap-frozen for subsequent RNA extraction or fixed overnight in 4% paraformaldehyde, processed for paraffin embedding and sectioned at 8 lm. Stomach tissues from pouch young at day 230 of age collected previously (Waite et al., 2005) were also included in this study (Fig. 1). 
4.5.
Histochemistry for mucous cells expressing neutral and acidic mucins
To identify mucous cells within the stomach epithelium, sections were deparaffinised and stained with Periodic AcidSchiff (PAS) reagent and counterstained with Harris haematoxylin (Bancroft and Stevens, 1990) . PAS highlights the presence of glycoproteins in the neutral mucins contained in cells of the stomach epithelial layer. Alcian Blue (AB) (pH 2.5) was also used to demonstrate the presence of acidic mucins and tissue nuclei were counterstained with Nuclear Fast Red (Bancroft and Stevens, 1990 ).
Immunohistochemistry
Gastric parietal cells were identified by immunohistochemistry using the mouse 1H9 monoclonal antibody (generous gift from Dr. Ian van Driel, The University of Melbourne) that reacts with the a-subunit of the H + K + ATPase proton pump found within parietal cells, as described previously (Kwek et al., 2008) . Proliferating cells in M-phase were detected in deparaffinised sections, subjected to heat-mediated antigen retrieval in an acidic buffer (0.01 M sodium citrate buffer, 0.05% Tween-20, pH 6.0 at 95°C for 10 min), using a rabbit anti-phospho-histone H3 antibody (07-424; Millipore, Billerica, MA) at 1:1000 dilution and the Alexa Fluor Ò 488-conjugated goat anti-rabbit antibody (A-11008; Invitrogen, VIC, Australia) diluted 1:500 in PBS, as described previously (Cain et al., 2008) .
4.7.
TUNEL labelling for apoptotic cells 
Image analysis
Sections from immunofluorescence and TUNEL experiments were viewed using an Axioskop2 Plus microscope (Carl Zeiss AG, Gö ttingen, Germany) fitted with epifluorescence. Fluorescence and transmitted light images were captured using a Zeiss AxioCam HRc digital camera and Axiovision software (Carl Zeiss AG). Images were analysed using Image-J software. The surface area of the mucosal layer was determined by overlaying a known-area grid on each image and counting the number of grids that contained more than 50% of the mucosal layer. Parietal cells and apoptotic cells were counted in each field and expressed as a ratio of the mucosal area (mm 2 ). The average thickness of the mucosal layer was measured from at least 10 points in each field.
4.10. Total RNA isolation and first strand cDNA synthesis
Frozen stomach tissues (300 mg) were homogenised in TriPure isolation reagent (Roche Applied Science, NSW, Australia) with an Ultra-Turrax IKA Ò T10 Basic homogeniser.
Total RNA was then extracted using an RNeasy Mini kit (QIA-GEN, VIC, Australia), following manufacturer's instructions. Total RNA was DNase-treated to remove any contaminating genomic DNA, using a DNA-free TM kit (Ambion, Austin, TX, USA) following manufacturer's recommendation, and subsequently quantified by spectrophotometry (Nanodrop ND-1000, Biolab, VIC, Australia). DNase-treated RNA (1.5 lg) was incubated at 65°C for 5 min with 100 ng random hexamer (Invitrogen, VIC, Australia) and 10 mM dNTP mix (Promega) and then placed immediately on ice for at least 1 min. Firststrand cDNA synthesis was performed using SuperscriptIII
TM
Reverse Transcriptase (Invitrogen), following manufacturer's instructions.
Quantitative RT-PCR
Quantitative RT-PCR (qPCR) was performed on a DNA Engine Opticon Ò 2 System Continuous Fluorescence Detection (MJ Research), using DyNAmo TM SYBR Ò Green (Finnzymes, Finland). The PCR reaction (20 ll) contained 1· master mix, 0.25 lM of forward and reverse primers (Table 1) and diluted cDNA template. The qPCR thermal profile consisted of enzyme incubation (50°C for 2 min), denaturation (95°C for 10 min), amplification and quantification for 50 cycles (94°C for 20 s, 58°C for 20 s, 72°C for 30 s with a fluorescence measurement at 77°C at the end of each cycle). All samples were assayed in triplicate. Quantification was performed using the standard curve method (Rutledge and Cote, 2003) , using a dilution series of standards (0.01 ng/ll to 0.01 fg/ll) before plotting the standard curve (Threshold Cycle, C t ) against the logarithmic concentration of DNA. Amplification efficiency of standards and target genes were similar, allowing absolute quantification of target gene expression. A linear regression analysis of the standard curve was used to calculate the amount of target gene expression and internal control gene expression (18S rRNA and GADPH) in stomach samples. The expression levels of both 18S rRNA and GADPH were not significantly different in all stomach samples. Melting curve analysis and agarose gel electrophoresis of all samples were performed to confirm amplification of a single PCR product of correct size.
Statistical analysis
All statistical analyses employed SPSS 13 for Mac OSX. ANOVA was used to determine the statistical significance and multiple comparisons were performed by the Fisher's LSD post-hoc test. Quantitative data were presented as means ± standard error of the mean. Statistical significance was determined at the 5% level.
